Background Remodeling of infarcted and noninfarcted ventricular regions, infarct expansion, shape distortion, and global left ventricular (LV) dilation influence LV performance and survival. The effect of chronic exercise, initiated early or late after infarction, on remodeling, hemodynamics, and survival has not been studied.
days after coronary occlusion, which was continued over 8 weeks (6 days per week, 90 minutes per day). These intervals after coronary artery ligation were chosen because final size of infarction is well reached after 4 days; histological evolution of scar healing is still in progress, and after 21 days, histological scar healing is completed. At 8 weeks, hemodynamics were measured and LV dilation quantitated by passive pressure-volume curves. In groups with small (c35%) and large (>35%) infarcts, the area enclosed by endocardial circumference, infarct size, LV diameter, scar thickness, and septal thickness were measured in stained transverse serial LV sections to assess aneurysmal shape distortion and the response of infarcted and noninfarcted myocardia. Survival was not influenced by infarction or exercise alone. In rats with small infarcts, LV volume and shape and long-term survival were not altered by chronic exercise initiated early or late after coronary artery ligation. Mortality 26, 7 Chronic exercise improved the heart rate response to exercise, peak oxygen extraction, and oxidative enzyme activity of skeletal muscle in this model, but even vigorous exercise protocols had no measurable effects on cardiac performance at rest. 16 Exercise has been shown to cause thinning of the infarct region and to influence septal thickness in rats 3 weeks after coronary artery ligation,17'18 whereas neither infarct expansion nor aneurysm formation was influenced when assessed 1 week after coronary artery ligation and exercise. 19 Intensity of training, the time interval between coronary artery occlusion and start of exercise, infarct size, and observation time may be of importance. Thus, the effect of chronic exercise on changes of left ventricular volume and shape after infarction and their prognostic implications are controversial. This may also be of clinical importance because many patients are encouraged to participate in regular exercise programs subsequent to infarction, and the long-term impact of exercise on remodeling in patients with left ventricular dysfunction is un- The objectives of the present study were to assess the influence of chronic exercise stress, initiated early or delayed after permanent coronary artery occlusion, on regional ventricular shape, global left ventricular dilation, hemodynamics, and survival in rats with small or large transmural experimental infarction.
Methods

Animals and Experimental Infarction
Experiments were performed in adult male Wistar rats (18 to 22 weeks old) kept in a 12-hour light-dark cycle. The rats received commercial rat chow (Purina) and water ad libitum. Two rats were kept per cage. As previously described, rats were intubated under ether anesthesia and placed on a respirator. The heart then was exposed via a left-sided thoracotomy, and the anterior descending branch of the left coronary artery was ligated.6 After the chest and skin were closed by appropriate sutures, the animals were allowed to recover. All procedures conformed to the guiding principles of the American Physiological Society.
Swim Protocol
Swim training was performed in a temperature-controlled environment at 20°C, using an 85 x 60x 80-cm container filled with tap water (depth of 55 cm) kept at 37°C by a feed-back, controlled electric heating coil. For adaptation, training was limited to 10 minutes on the first day and increased by 10 minutes each day until day 9. Training was then continued for a total of 8 weeks, 90 minutes per day and 6 days per week. Twelve to 16 rats were swimming simultaneously. Animals were placed under infrared light to dry after swimming before they were returned to their cages.
Study Groups
Rats were randomized to a group of nonoperated controls or attempted coronary artery ligation. Both groups then were further randomized to remain sedentary, to start swim training 4 days or 21 days after coronary artery ligation, or sham operation. Since no differences between nonoperated rats and rats in which attempted coronary artery ligation failed to result in histological infarction (sham-operated animals) were found, both were pooled and are referred to as control. Rats were arbitrarily assigned to a group of small infarcts if histological infarct size was c35% and to a group with large infarcts if histological infarct size exceeded 35%. To assess the effect of exercise on left ventricular dilatation and shape in rats that died prematurely before the scheduled examination at 8 weeks, additional rats underwent coronary artery ligation; these rats remained sedentary and were killed to match the time interval from coronary artery ligation and premature death and infarct size (matched sedentary). Thus, final analysis was performed in 9 study groups that completed the protocol (survivors) and in 4 study groups that died prematurely before completion of the exercise protocol (nonsurvivors).
Mortality
To exclude acute mortality caused by surgery, assessment of mortality was started with the fourth day after coronary artery ligation or sham operation. The cages were checked for dead animals each day. Dead rats were weighed, and the thoracic cavity was opened and searched for signs of cardiac rupture or pulmonary infection. The heart and lungs were removed and rinsed with tap water to remove clotted blood. After 24 hours of immersion in buffered formalin, the heart and lungs were processed for standard histology.
Hemodynamic Measurements
A terminal hemodynamic study was performed 8 weeks (56±5 days) after sham operation or coronary artery ligation, as described in detail elsewhere.6 In brief, under ether anesthesia, animals were ventilated via a tracheal tube by a constant-volume respirator. After stabilization, right atrial (Statham P50), left ventricular systolic and end-diastolic, systolic and systolic, diastolic and mean aortic pressures, dP/dt, and heart rate were recorded, using a Millar micromanometer.
Left Ventricular Volumes
Left ventricular volumes were determined in surviving animals by passive pressure-volume curves, as previously reported.5 At completion of the hemodynamic study, the heart was arrested with potassium chloride, and a double-lumen catheter (PE 50 in PE 200) was advanced from the ascending aorta into the left ventricle and fixed by a ligature around the atrioventricular groove. The right ventricular free wall was incised to exclude compression of the interventricular septum from the right ventricle. Then, the left ventricle was emptied passively, and saline was infused at a constant rate (0.67 mUmin) by one lumen while pressure was recorded by the second lumen. Two or three curves were recorded within 10 minutes over the range of negative pressure to 30 mm Hg, well before onset of rigor mortis. The hearts were then distended with a volume that corresponded to a distending pressure of 5 mm Hg during the first pressure-volume curve and fixed with buffered formalin.
In rats that died prematurely (nonsurvivors), hearts were fixed as well. Since pressure-volume curves could not be recorded, the areas enclosed by the endocardial circumference of 10 to 12 serial transverse sections of the ventricle were averaged. This index of left ventricular volume correlated significantly (r=.96, P<.0001) with volumes derived from pressure-volume curves and the amount of saline filled into the formalin-fixed ventricles.
Left Ventricular Shape and Infarct Expansion
After fixation of the left ventricle at a standardized distending pressure, the right ventricle was separated from the left ventricle, and both were weighed by a calibrated electronic precision balance. As outlined by Hochman et 
Results
Group Assignment, Infarct Sizes
A total of 156 rats was randomized and entered into the study. Eighteen of the randomized rats died between 4 days and 10 weeks, which precluded terminal hemodynamic assessment and registration of pressure-volume curves. This overall mortality of 11.5% was caused by premature death of 4 sham-operated animals (2 with early and 2 with late exercise) and of 14 rats of the large infarct group. Group assignment and infarct sizes of the 138 rats that completed the protocol and could be subjected to the terminal assessment are shown in Table 1 . Infarct size was similar in animals with early and late exercise within each infarct size group. Body Weights and Ventricular Weights Body weight (Table 2 ) was similar in all groups after randomization and rose during the study despite exercise. Swim training tended to cause a smaller increase of body weight compared with sedentary rats, but this was statistically significant only in rats with large infarcts and early exercise. Right and left ventricular weights increased as a result of exercise in rats without infarcts. Right ventricular weight was elevated in rats with large but not with small infarcts compared with rats without infarcts. An additional rise of right ventricular weight was caused by exercise in rats with small but not with large infarcts. Left ventricular weight was similar in sedentary rats with or without infarcts. In rats with small infarction, left ventricular weight increased with late but not with early exercise to significantly higher values compared with sedentary animals. In rats with large infarction, left ventricular weight was not increased by exercise.
Hemodynamic Measurements
In exercising rats, heart rate tended to be lower compared with rats without exercise, which reached statistical significance in rats with small and large infarcts and late exercise (Table 3 ). In rats with large myocardial infarction, mean right atrial and left ventricular end-diastolic pressures were significantly elevated, and dP/dtmax was reduced. Large infarction resulted in a significant reduction of mean aortic pressures in sedentary animals and rats with late exercise. Exercise had no consistent effect on hemodynamic measurements in rats with infarction.
Effect of Exercise on Left Ventricular Volume
The complete passive pressure-volume curves of left ventricles with no, small, or large infarcts from rats that remained sedentary or participated in training initiated early (4 days) or late (21 Fig 2) . Survival in rats with large infarcts that remained sedentary also was 100% within this interval of observation. Of the group with sham operation, 2 rats died after early and 2 after late initiation of exercise, which was not statistically significant. However, there was a highly significant (P<.0001) overall reduction of survival by exercise in rats with large infarction. This effect was most prominent if exercise was started early after coronary artery occlusion. Survival in this group was 48%, which was significantly (P<.05) less than the survival rate of 73% in rats in which exercise was initiated late after coronary occlusion. The average time to death after initiation of swim training was 11 days. The significant differences in survival between rats with early and late exercise occurred despite similar infarct size (P=NS) in nonsurvivors after early (56±6%) compared with late (55±8%) exercise (Table 4 , also see Fig 3) . Animal Numbers, Infarct Sizes, and Weights of Nonsurvivors Table 4 shows measurements of infarct sizes and weights of rats that died prematurely (nonsurvivors) before the preplanned terminal assessment scheduled 10 weeks after coronary artery ligation. Two groups of sedentary rats were added, which were matched (matched sedentary) with regard to infarct size and time interval from coronary artery ligation to death of nonsurvivors from early or late exercise. Infarct sizes were similar among nonsurvivors ( The present investigation differs importantly from two recently published studies on exercise in rats with experimental infarction. In those recent studies, the effects of exercise21 and propranolol22 were studied 3 weeks after small subendocardial infarction after reperfusion. In contrast, the influence of a more intensive exercise protocol (inducing left and right ventricular hypertrophy), which was initiated early or late after coronary occlusion and maintained over 8 weeks, was assessed in rats with small and large transmural infarction.
Endurance training in rats may be performed as swim or treadmill exercise. When exhaustion is avoided and emotional stress minimized, similar levels of training can be achieved with treadmill and swim exercise.23,24 Exercise was, therefore, increased stepwise over 9 days to allow gradual adaptation to exercise stress. Fibrosis and scattered necrosis (apart from the infarct region) that were found after exhausting and stressful exercise regimens23 were not detected in the present study. Furthermore, the survival rate in sham-operated rats with chronic exercise is similar, whether exercise is initiated early or late after thoractomy for sham opera (Table 2) , hemodynamics (Table 3) , and shape (Table 5) . Endurance training tends to cause dilation in rats without infarction, which is also in accordance with previous reports.26 '36 However, the effect of chronic exercise on the entire passive pressure-volume relation in rats with infarction was not studied before. The present study shows that endurance training tended to shift the pressure-volume curves of rats with small infarcts to larger volumes, which, however, did not reach statistical significance. To exclude that the lack of an effect of exercise in the smallinfarct group of the present study is due to a /3-error, a power analysis was performed. According to this analysis, the small difference between sedentary and early exercising rats of the small-infarct group would become statistically significant on the .05 level at a power of 90% if the sample size exceeded 100 animals. Thus, power analysis indicates that the risk of a /3-error is low, and it appears that the slight, nonsignificant increase in left ventricular volume by early exercise in this group is biologically not relevant. This is also supported by the lack of exercise on survival in the small-infarct group. In contrast in rats with large infarcts, endurance training causes aggravation of left ventricular dilation, as indicated by the additional rightward shift of the pressurevolume curve to higher volumes. This effect is most prominent in rats with large infarcts, in which training started 21 days after coronary ligation. This happened despite the fact that in this group, exercise was initiated after completion of histological scar formation.37 From Figs 2 and 3 , it may be concluded that mortality was greater in the early exercise group, although the late survivors had more ventricular enlargement. However, The interventricular septum, the greatest remaining myocardial mass after infarction in rats, plays a crucial role in preservation of pump function and normalization of increased wall stress in the chronic phase after large infarction. In morphometric studies, hypertrophy of viable myocardium is characterized by an increase of length, diameter, and cross-sectional area of myocardial fibers.43 This is consistent with increased septal thickness in sedentary rats with large infarction in this study. Due to this compensatory hypertrophy, left ventricular mass remains normal even after extensive loss of myocardial tissue after large infarction. In the present study, early or late exercise does not alter septal thickness in rats with no infarcts or with small infarcts. As in sedentary rats, septal thickness is increased in survivors with large infarction in both exercise groups. In contrast, septal thickness in nonsurvivors is significantly reduced by 11% after late exercise and by as much as 29% after early exercise. In the presence of severe cavity enlargement and aneurysmal shape distortion, this reduction of septal thickness is paradoxical and indicates transition from a more concentric to a more eccentric type of hypertrophy, which possibly is accompanied by a further rise of wall stress.
Survival
The effect of physical training on survival after myocardial infarction is controversial. A meta-analysis of trials in patients after myocardial infarction revealed a 20% reduction in overall mortality after chronic exercise. 44 The results of this analysis, however, may be confounded by heterogeneity of study populations and effects on survival that are not directly related to exercise, such as modification of risk factors and interventional therapy for coronary heart disease. Long-term training protocols after infarction may increase the threshold for ventricular fibrillation in rats. 45 47 Although these findings suggest that chronic exercise may be protective and associated with improved survival, the effect of chronic exercise on survival after infarction was not studied systematically before.
In the present study, long-term exercise, whether initiated early or late after coronary artery occlusion, does not affect survival in rats with small infarcts. Similarly, short-term treadmill exercise over 1 week in rats with small infarcts has no effect on mortality.19 Survival in sedentary rats with large infarcts is unaffected, which is explained by the fact that infarct size is just in a range above which mortality rises steeply, as shown in the study by Pfeffer et al. 7 In contrast, endurance training in rats with large infarcts of the present study caused a highly significant decrease of overall survival (P<.0001). It is unlikely that swim training or thoracotomy per se is responsible for this reduction of survival. Survival is similar in rats that underwent thoracotomy for sham operation, whether they remained sedentary or participated in early or late exercise. Cardiac rupture or noncardiac causes of death such as thoracic or pulmonary infections can be excluded, since autopsy was performed in all nonsurvivors. The study by Pfeffer et a17 shows that the relative risk of death in sedentary rats increases with infarct size. Indeed, infarct sizes are significantly larger in nonsurvivors than in survivors, and, in addition, profound premature distortion of left ventricular shape is present. It is most likely that this severe aggravation of remodeling contributes to the reduction of survival. This is supported by the fact that survival is significantly reduced by early exercise compared with late exercise, although infarct sizes are similar (P>.05) in nonsurvivors from early and late exercise.
Aggravation of left ventricular dilatation in nonsurvivors occurs out of proportion to left ventricular mass. In addition, septal thickness is decreased. These findings suggest that aggravation of dilation in nonsurvivors cannot be matched by compensatory hypertrophy of noninfarcted regions. In contrast, this is possible in survivors, as indicated by the significant rise of left ventricular weight and septal thickness with enlargement of cavity volume during 8 weeks of endurance training. According to a previous study in sedentary rats with chronic infarction, increased left ventricular volume out of proportion to left ventricular mass is associated with increased wall stress.1' Left ventricular diameter, left ventricular cavity volume, shape, and wall thickness are determinants of wall stress. The measurements in nonsurvivors of the present study, therefore, suggest that endurance training, especially if started early after infarction, causes a further increase of wall stress that is not compatible with life.
Extrapolation of these findings should be carried out with great caution. In particular, differences between species, the extent of infarction, the degree of cardiac dysfunction, and the type and intensity of exercise have to be taken into consideration. Although the training load was gradually increased, the influence of additional psychological stress cannot be excluded. Although the daily and total times of training are within the range of previous reports, the influence of an additional heat stress resulting from a water temperature of 37°C cannot be excluded. In most previous swim protocols, a water temperature between 35°C and 37°C was used. This may have increased the strenuousness of the training program in the present study. The death of the four sham-operated rats in the exercise group, although statistically not significant in survival analysis, may be a further indicator of the strenuousness of the exercise program. This vigorous exercise program was applied daily and included rats with large infarcts exceeding 40% of the left ventricle. Accordingly, these rats had respective hemodynamic signs of severe left ventricular dysfunction at rest. Therefore, the results of the present study may represent the extreme to be expected from physical training in individuals after infarction. Conversely, rats of the present study have single-vessel coronary disease without concomitant sickness. Thus, with multivessel or hypertensive disease or exerciseinduced ischemia, aggravation of remodeling may occur after smaller infarcts or during less strenuous endurance training. In the study by Jugdutt et al,20 even a long-term, low-level exercise program in patients after large infarction caused significant aggravation of remodeling.
